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Two different remote nondestructive testing (NDT) techniques, the acoustic-laser and imaging radar
techniques, are studied for near-surface defect detection in fiber-reinforced polymer (FRP) retrofitted
systems. In the acoustic-laser technique, the targeted structure is excited by acoustic waves, while
vibration data on a measurement point is remotely collected. In the imaging radar technique, radar

signals (electromagnetic waves) are remotely emitted toward the target structure and measured when
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they are reflected from the structure. Three FRP-bonded concrete cylinders with various defect sizes were
fabricated for laser and radar measurements. The pros and cons of these two techniques are described
with the support of experimental result.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Maintenance of aging concrete structures (reinforced and pre-
stressed) is one of the greatest challenges faced by the civil engi-
neering profession, as well as many nations worldwide.
Strengthening and repair of these deteriorated structures has
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become an economic approach over reconstruction, especially for
short-term, immediate response to the aging infrastructure prob-
lem. A number of strengthening and repair technologies have been
developed and applied for extending the service life of concrete
structures by means of restoring their design capacity and preserv-
ing their structural redundancy. The use of fiber-reinforced poly-
mer (FRP) composites as an externally bonded element to confine
the concrete in order to secure the integrity of concrete structures
has been proven, both theoretically and practically, to be an
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effective and efficient strengthening/repair approach. FRP
strengthening system should be designed such that a brittle failure
due to the FRP rupture can be avoided. Both the Canadian and
American design codes are based on the principle of limit state
design. This method can provide an acceptable safety margin for
both the serviceability limit state (excess results in excessive
deflections and cracking) and the ultimate limit state (excess
results in failure, stress rupture, and fatigue) [1,2]. FRP strengthen-
ing should be designed according to strength and serviceability
requirements as stated in the ACI (American Concrete Institute)
318 Building Code Requirement for Structural Concrete [3]. The
structures should be carefully monitored and evaluated to ensure
that a considerable improvement of load bearing capacity is
obtained after FRP strengthening. The service conditions of FRP
systems including loading conditions and environmental consider-
ations play an important role in the long-term performance of FRP
systems. Certain loading types, such as impact loading, sustained
loading and cyclic loading, should be carefully considered. It is
noted that the mechanical properties of FRP degrade under various
environmental effects, such as alkalinity/acidity, ultraviolet light,
high temperature and high humidity. Hence both the design ulti-
mate tensile strength and design rupture strain should be evalu-
ated with the consideration of the long-term loading and
environmental factors.

Integrating a new FRP composite with the concrete substrate
results in a multi-layer structural system whose damage mecha-
nism is different from conventional concrete structures. Various
approaches on the modeling of debonding have been proposed
using both strength and fracture approaches [4-6]. Focusing on
the strength-based approach, a new theoretical model has been
proposed based on the numerical integration method to evaluate
the stress-strain curve of an FRP-wrapped concrete column [7].
In design-oriented models, the stress-strain relationship of FRP-
wrapped concrete is predicted by closed-form equations on the
basis of experimental interpretation. In analysis-oriented models,
the stress-strain curve of FRP-confined concrete is obtained
through an incremental numerical procedure [8,9]. However, in
all the above-mentioned models, there is a lack of understanding
on the effect of defect towards the global structural behavior of
an FRP-wrapped concrete column, in which such scenario always
happens in reality. In the behavior of FRP-bonded concrete sys-
tems, construction defects and structural/environmental damages
may occur within the FRP-bonded concrete structures, especially
in the vicinity of FRP-concrete interface. Construction defects such
as trapped air voids or pockets can occur between FRP sheets/-
plates and the concrete substrate during construction. These air
voids serve as a region with shear stress discontinuities, as well
as the location of stress concentration, leading to further develop-
ment of delamination in the interface region and debonding of FRP
from the concrete substrate. Structural damages such as concrete
cracking or crumbling inside the FRP wrapping, and/or debonding
of the FRP sheet from concrete could also occur under various
levels of confinement pressure provided by the FRP wrap. These
types of failure have been observed in FRP-wrapped concrete spec-
imens [10], and also in FRP-wrapped large scale reinforced con-
crete structures [11,12]. Furthermore, multiple failure modes, e.g.
rupture of FRP composites and shear failure, have been found in
FRP-wrapped concrete columns. Therefore, detecting the presence
of delamination and debonding in the interface between FRP and
concrete in order to avoid brittle failures of the multilayer system
is important for the safety and durability of FRP-concrete
structures.

Although visual inspection of FRP-concrete structures may be
sufficient in some scenarios, remote nondestructive testing (NDT)
becomes an attractive approach when (i) automation is desired,
(ii) quantifiable measurement is required, (iii) access to the struc-

ture is difficult, (iv) the FRP surface is concealed by paint, or (v)
labor cost for manual inspection is high. In this paper, a combina-
tion of acoustic-laser and imaging radar NDT techniques is applied
for near-surface inspections of the artificially damaged FRP-
bonded concrete system. FRP debonding is modeled by the inser-
tion of an artificial air gap at the FRP-concrete interface. Measure-
ments are first conducted independently using each technique on
the same set of specimens. The results are then compared so as
to devise possible methods how the two techniques can work
together, and to explore potential benefits the combined measure-
ment will provide over using each technique alone. The efficacies
of these two techniques, both individually and combined, are
investigated in the context of debonding detection and characteri-
zation. The synergy of these two techniques can cover a wide range
of debonding scenarios. It is envisioned that this synergy can
inspire future research to develop combined NDT techniques,
which can maintain the strength of each technique and minimize
the weaknesses through a combined hybrid approach.

2. Review of existing techniques for remote debonding
detection

Knowing that FRP is a critical load-bearing component in retro-
fitted concrete structures, various NDT approaches are being devel-
oped to assess its well-being by detecting debonding and
delamination in FRP-concrete structures. Current NDT techniques
developed for civil engineering applications include the use of
pressure wave, infrared thermography (IRT), radar, and X-ray
radiography [13-18]. However, these techniques are not specifi-
cally designed for the detection of defects in FRP-bonded systems,
particularly interfacial defects. For instance, accurate pressure
wave measurement in the ultrasound regime requires direct con-
tact to the inspected surface, therefore it is unsuitable for the
remote sensing of FRP-concrete structures. Passive IRT is a remote
sensing technology relying on thermal emission of the inspected
object. While IRT is capable of scanning large surface areas on
structures, it is still commonly perceived to be less effective in civil
engineering applications where introduction of heat source to pro-
duce a pronounced difference in thermal gradients between intact
and defective regions can be difficult and very challenging to
achieve in the field [14]. Furthermore, the intensity of infrared
images depends not only on temperature of the object, but also
emissivity of the object, reflection of infrared from environmental
sources, and attenuation due to atmospheric absorption [14,19].
Given the stringent requirement on temperature gradient in IRT
and low resolving power, typically the technique can only pick
up delamination above 20 cm in diameter [14], insufficient for
detecting early-stage interfacial defects in FRP-bonded systems.
Therefore, passive thermography is used to detect moisture and
thermal insulation problems, rather than detecting FRP defects.
Active thermography, on the other hand, requires active heating
of the structure and is used instead [19]. Radar or microwave tech-
niques are ideal for the subsurface inspection of low-loss dielec-
trics (e.g. dry concrete or glass fibers). Their performance in
subsurface sensing will reduce when applied to lossy dielectrics
(e.g. wet concrete or carbon fibers). When applied to the debond-
ing detection problem of FRP-concrete systems, the penetration
or skin depth of GHz signals may be decreased by the use of carbon
fibers but still can penetrate through the thin FRP layer. However,
due to the scattering nature of electromagnetic waves in the
microwave spectrum, interference and scattering of reflected radar
signals can make radar image interpretation challenging. In X-ray
radiography, the difference in absorption of an X-ray beam through
an object is imaged to detect features and defects within the object.
The thickness of the defect along the direction parallel to the beam
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has to be large enough in order to result in an appreciable differ-
ence in absorption [15], which does not apply to the case for inter-
facial defects. Furthermore, as concrete is a relatively absorptive
medium for X-ray (and neutrons), a much higher beam intensity
is required for imaging concrete structures when compared with
other objects in medical or security applications. Proper shielding
is required to avoid dangerous dosage of ionizing radiation in
human and livestock [15]. Lastly, accessibility to the back surface
of the object is required to obtain an X-ray image unless backscat-
ter X-ray is used, which would limit the applicability of X-ray
radiography.

To address the limitations of existing remote NDT technologies,
many new constructions have turned to using embedded NDT
sensors combined with finite element modeling in the field of
structural health monitoring [20-24]. However, many old structures
are not instrumented with embedded sensors, and the use of
remote sensing technologies is ideal for condition assessment.
Recently, studies investigating the combination of acoustic emis-
sion with ultrasound [25], acoustic emission with thermography
[26], and thermography with ultrasound [27] have been reported.
Nonetheless, in all cases at least one of the applied techniques
requires direct contact with the specimen.

Given the limitations of existing NDT technologies in remote
debonding detection, a combination of acoustic-laser and imaging
radar techniques, both remote measurement techniques, is intro-
duced and investigated for the remote defect detection of FRP-
bonded concrete structures. The acoustic-laser technique depends
only on the mechanical properties of near-surface defects and can
pinpoint near-surface defects at a smaller length scale. This feature
provides acoustic-laser a superior resolution over many other NDT
techniques. On the other hand, the imaging radar technique uti-
lizes the transmissibility of electromagnetic waves (radar signals)
in dielectrics (e.g. FRP, concrete) and superimposes reflected radar
signals in the space domain to detect/locate subsurface defects in
FRP-concrete systems. The acoustic-laser technique has a higher
resolution (resolution = 0.22 cm) than the imaging radar technique
(resolution = 3.75 cm) in space. While the acoustic-laser technique
can inspect the projected area of an interfacial defect on the sur-
face, the imaging radar technique can inspect the volume of an
interfacial defect in the subsurface. Furthermore, unlike X-ray
radiography, these two techniques can identify defects of small
thickness along the direction of wave propagation without requir-
ing a safety zone behind the structure or posing any radiation haz-
ards to human and environment.

3. Approach - acoustic-laser and radar techniques
3.1. Acoustic-laser technique

Originally conceived to detect debonding defects located at or
near the interface between an FRP sheet and its substrate (interfacial
defects), the acoustic-laser technique is a general NDT method for
remote identification and evaluation of geometries that can be
excited acoustically and can accommodate observable surface vibra-
tion [28-30]. This technique relies on the principle that an interfacial
defect behaves like a drum, with both its amplitude and frequency of
vibration changing significantly when compared with an intact
region (i.e. bonded perfectly to the substrate) [28,31]. Reported
applications include the use of a high-power standoff parametric
acoustic array (PAA) to excite FRP-bonded structures and a laser
Doppler vibrometer (LDV) to monitor resulting vibration [30]. In
these applications, the velocity response peaks correspond to differ-
ent vibration modes of a subsurface defect. In this study, the mea-
surement setup is modified in order to demonstrate the flexibility
in both deployment and commercial viability of the acoustic-laser

technique (Fig. 1). As the fundamental frequency of commonly
found interfacial defects has been shown to be at the order of kHz
|28], a conventional studio monitor is used as the acoustic excitation
source to substitute a PAA. In order to cover a wide range of frequen-
cies in a short period of time, white noise is used for excitation
instead of a frequency sweep. Furthermore, as a tradeoff between
cost and signal-to-noise ratio (SNR), the LDV measurement system
is replaced by a low-cost light detection system to directly monitor
the variation of reflected laser intensity, without invoking the Dop-
pler effect. The frequency spectrum of the intensity variation is
obtained via Fast Fourier Transformation (FFT) to identify vibration
modes. Although the reported acoustic-laser system provides high
accuracy results, the cost of the system is high due to the custom-
built acoustic source [30]. The current setup, on the other hand, is
relatively affordable and can provide a comparable defect detection
capability using the same set of inputs (optical measurement and
acoustic excitation) albeit at the expense of high environmental
noise level and vibration velocity.

3.2. Imaging radar technique

In this research, an imaging radar technique using the stripmap
synthetic aperture radar (SAR) monostatic mode was applied for
investigating the subsurface condition of FRP-concrete cylinders.
Standard stripmap SAR algorithm was adopted, while frequency-
modulated continuous wave (FMCW) signals were used. In the strip-
map SAR imaging method, the radar travels in a straight line (cross-
range axis, ry), transmitting and receiving electromagnetic waves in
the direction (range axis, r) perpendicular to the cross-range axis.
Fig. 2 illustrates the strip SAR imaging mode. Measured radar signals
were first convoluted with a target amplitude function in a Fourier
transform and then projected to the synthetic aperture or slow-
time domain. The Fresnel approximation was used to deconvolute
measured radar signals in the synthetic aperture domain. A two-
dimensional matched filtering of the measured radar signals was
performed with a reference signal that is calculated by a fast-time
matched filter in the frequency domain. The filtered radar signals
in the frequency domain were then multiplied by a phase function
to become the target function of measured radar signals. Interpola-
tion of sampled target function was needed in order to evenly recon-
struct the SAR image in the space domain. Finally, an inverse Fourier
transform was carried out to project the target function from the fre-
quency domain back to the space domain, resulting in stripmap SAR
images. The final back-projected SAR image amplitude I(r, ry) in the
range-cross-range plane can be represented by:

[S'9) ; , Ry o
I(r,1y) = / h<t—2Tr>exp (—4in%>A(r’) /0 s(r',r;)a<er0rx>

exp [~iF (1 —r;)°] dridr (1)

where r=range, ry,=cross-range, h=a matched filter, t=time,
c=3 x 108 m/s (speed of radar signals in free space), i=+v—1,
/.= wavelength, A = a function accounting for antenna pattern, pro-
cessing gain and the range spreading loss, S = scattering amplitude,
a=the two-way amplitude azimuth antenna pattern, Ry =range
location of the radar, and F=a focusing function. All SAR images
reported in this paper were generated by Eq. (1). Formulation of
various SAR modes can be found in [32,33] for inverse SAR mode.

4. Experimental work
4.1. Specimen description

Three cylindrical concrete specimens with a height of 300 mm
and a diameter of 150 mm were fabricated with a water-to-
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Fig. 1. Principle of the modified acoustic-laser technique. (a) The defect is acoustically excited by a studio monitor and illuminated by a laser. The intensity of reflected laser
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Fig. 2. Stripmap synthetic aperture radar (SAR) imaging mode.

cement ratio of 0.6 (Fig. 3). In each specimen, an interfacial defect
was introduced artificially (a nomenclature of three specimens is
introduced in Table 1). The interfacial defect was created by insert-
ing a thin piece of square Styrofoam placeholder on the cylindrical
mold surface. The Styrofoam piece was removed before FRP-
bonding, leaving an air gap at the interface between FRP and con-
crete. The specimens were moist-cured for 28 days, sanded to pre-
pare the surface for FRP bonding, and dried in an oven for 3 days

before bonding 3 layers of carbon FRP wrap using epoxy. The spec-
imens were then cured for an additional 7 days before
measurement.

4.2. Near-surface acoustic-laser measurements

Three FRP-concrete specimens were acoustically excited by a
studio monitor and locally measured by a continuous wave diode
laser to collect the resulting vibration. The excitation was an acous-
tic white noise with sample rate of 48 kHz over a period of 10 s at
88.5 dBsp. (using a reference sound pressure of 20 pPa) with the
environmental noise level between 70 and 75 dBsp;. The laser oper-
ated at 80 mW with a wavelength of 532 nm. As the laser wave-
length is not critical to measurement, other laser wavelengths or
laser power levels can be used in compliance of specific safety
requirement (e.g. eye-safe lasers). A reflective sticker was attached
onto the point of measurement to enhance reflectivity of the sur-
face as well as to smooth out the effect of surface variation across
specimens. For extended measurement range, the use of retrore-
flective stickers is preferred for further enhancement in reflectivity
and SNR. However, the carbon FRP surface is sufficiently glossy and
reflective for measurement and the use of a reflective sticker is not
necessary in ordinary circumstances. The reflection of the laser
beam from the FRP surface was recorded by a custom-built pho-
todetector. The variation of the reflected laser intensity was trans-
formed into the frequency domain using FFT and the Blackman-
Harris windowing function, which is shown in Fig. 4. The noise
floor was defined to be the median of the spectrum such that no
control measurement of intact specimen is required, and a cut-
off frequency at 500 Hz was chosen to account for low frequency
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Fig. 3. Schematic diagram of three specimens containing defects.

Table 1
Defect dimensions in the specimens. Each specimen has an interfacial defect.

Specimen C1 2 c3
50 x50 x5 37.5x375x5 25x25x5

Interfacial defect
(W x H x Dmm?)

5
—— 50.0 x 50.0 mm? SNR=30.1dB.
4t —— 37.5x37.5 mm? SNR=21.8dB.
_ —— 25.0 x 25.0 mm®. SNR=23.0dB.
Low frequency noise | ____. No defect. SNR=11.2dB.
i
3F 7

Fundamental modes
———1

Voltage (mV)

Frequency (kHz)

Fig. 4. Light intensity measurement in terms of voltage measured is plotted in
frequency domain. The peaks are visible with SNR ranging from 21.8 dB to 30.1 dB.
A general trend that a larger defect would result in a lower resonance frequency is
observed. Low frequency noise below 500 Hz is prominent and is ignored from all
calculations, but it did not obscure the identification of response peaks.

noise. The acoustic excitation was 99.3 dBsp;, for 5 s, and the result-
ing SNR ranged from 21.8 dB to 30.1 dB. The SNR was defined as
the peak divided by the median of the frequency response above
500 Hz. The source of low frequency noise is present in both the
defective region and the intact region (control), which enables its
elimination. Possible causes include pink noise, electromagnetic
interference from 50 Hz mains electricity delivery, the vibration
of concrete specimens, and the vibration of measurement equip-
ment. Generally speaking, a larger interfacial defect results in a
lower fundamental frequency as we observed. The specimens
exhibited a strong inverse relationship between the defect’s funda-
mental mode and its area (R? = 0.9996), suggesting that defect area
can be inferred from the measured fundamental mode. At present

the acoustic-laser technique only measures interfacial defects and
is not designed to detect interior defects deep inside the concrete
substrate.

4.3. Subsurface radar images

A custom-built imaging radar system was used to investigate
the subsurface condition of FRP-concrete cylinder specimens.
Two inspection schemes were applied in the radar imaging of all
specimens; normal incidence and oblique incidence. In the normal
incidence scheme, the radar moves on cross-range axis in parallel
to the longitudinal axis of FRP-concrete cylinder, as shown in
Fig. 5. In the oblique incidence scheme, the radar moves on the
cross-range axis at an angle (0) to the longitudinal axis of FRP-
concrete cylinder. In other words, the normal incidence scheme
is a special case of the oblique incidence scheme when 0 = 0°. Three
FRP-concrete cylinders were scanned by the imaging radar system
using a FMCW signal with a carrier frequency at 10.5 GHz. All radar
images were produced in an electromagnetically anechoic cham-
ber in the Department of Civil and Environmental Engineering at
UMass Lowell (Fig. 6). The chamber was designed to conduct elec-
tromagnetic measurements in the frequency range of 0.5-18 GHz.
In all SAR images, the direction of radar movement was the cross-
range axis. Generated SAR images of all FRP-concrete cylinders at
0 = 25° are shown in Figs. 7-9. In Figs. 7-9, white dashed lines indi-
cate the location of CFRP-concrete cylinders and the location of an
interfacial defect.

In Figs. 7-9, all SAR images of intact specimens are considered
as the background signal (or noise). In the SAR images of damaged
specimens, scattering signals are reconstructed at or near the loca-
tion of a subsurface/interfacial defect and used to indicate the pres-
ence of the defect. In this paper, the intensity and distribution of
scattering signals can change with the variation of incident angle
and defect size.

4.4. Debonding detection

4.4.1. Acoustic-laser technique

For the acoustic-laser technique, a thresholding method was
applied to identify interfacial defects. A signal in a frequency plot
(similar to Fig. 4) above a certain threshold value, to be determined
from field tests, would indicate the existence of a defect at the
measurement point. If an LDV were used for vibration measure-
ment, the quantity measured would be the vibration velocity nor-
mal to the direction of the laser beam. With the knowledge of



T. Yu et al./Construction and Building Materials 109 (2016) 146-155 151

*1 Cross-range, r, *| Cross-range, r
Radar | __.--""% 8e T Radar| __.---"% 8 I
——CCE‘_ """"" ——CI:]E: """"" 0
FRP-concreté FRP-concrete
cylinder cylinder
L - L >
Range, r Range, r

\  J

N Lincid . .

Fig. 5. Normal and oblique incidence schemes.

<t

e =
| i 4
‘ - :

..‘g. ~ - —— : :
3
|
L ‘ :m L
(a) Normal incidence (b) Oblique incidence

Fig. 6. Normal and oblique incidence measurement schemes inside the electromagnetic anechoic chamber at UMass Lowell.

Intact Damaged

60

- __ 50

& S

[= [ =

o S a0
20

Cross-range(cm) Cross-range(cm)

Fig. 7. Specimen C1, debonding defect, oblique incidence, 25-deg.

Intact

Range (cm)

Range (cm)
S 8 8 8 8

Cross-range (cm) Cross-range (cm)

Fig. 8. Specimen C2, debonding defect, oblique incidence, 25-deg.



152 T. Yu et al./Construction and Building Materials 109 (2016) 146-155

Range (cm)

0 20 40
Cross-range (cm)

Range (cm)

0

0 20 4
Cross-range (cm)

Fig. 9. Specimen C3, debonding defect, oblique incidence, 25-deg.

vibrational behaviors of FRP-bonded specimens, a threshold vibra-
tion velocity can be obtained by a compromise between minimiz-
ing the rate of false positives (reporting of a defect when there is
none) and minimizing the rate of false negatives (failure to detect
a defect when there is one) based on field test results. It is sug-
gested that emphasis should be placed on minimizing false posi-
tives since the occurrence of defect is rare in practical
applications, i.e. number of intact areas measured is much greater
than the number of defect areas [34]. In this study, however, a
modified acoustic-laser technique was used in which the measured
quantity is reflected laser intensity rather than vibration velocity.
As the explicit governing equation between the measured ampli-
tude and the physical quantity of the defect is yet to be found,
the measured response of a suspected defect is a relative quantity
with only the frequency dependence. Therefore, defect detectabil-
ity is represented by SNR, using the technique of thresholding. A
SNR threshold was chosen from the results such that a defect is
deemed to exist at a measurement point if its signal is above this
threshold value. As seen in Fig. 4 the SNR of defected specimens
ranges from 21.8 dB to 30.1 dB, with the control amplitude fluctu-
ating no more than 11.2 dB from the median of the spectrum.
Hence, given the adopted experimental configuration in this study,
a SNR threshold was chosen between 11.2 dB and 21.8 dB. This
selection of SNR threshold results in neither false positive nor false
negative in the detection of response peaks for vibration frequen-
cies above 500 Hz. Due to clear response in laboratory settings
and the limited number of specimens, a receiver operating charac-
teristic (ROC) curve cannot be developed as a threshold can be cho-
sen such that the detection rate is 100%. Nonetheless, it is expected
that a compromise between false positive rate and false negative
rate is needed in practical applications. In general, it is recom-
mended that (i) the measurement system should be calibrated in
the field, (ii) the noise level should be determined, and (iii) the
presence of low frequency noise, particularly optical noise due to
flickering ambient light, should be measured. Once a detection
threshold and a low cut-off frequency are chosen based on the
aforementioned recommendations, interfacial defects can be iden-
tified using this low-cost acoustic-laser technique. The same
threshold can be used as long as the measurement setup, the FRP
material and the underlying geometry of the measured structure
remain the same.

4.4.2. Imaging radar technique

For the use of an imaging radar system to detect FRP debonding
in concrete specimens, changes of scattering radar signals (SAR
amplitude) were used for detecting and locating subsurface FRP
debonding. The principle of detection is based on the fact that,
when there is a FRP debonding area in an FRP-concrete specimen,
the interfaces (FRP-to-air, air-to-concrete) will produce scattering
signals to be measured by the radar system, due to the dielectric

contrast between two materials. These scattering radar signals
are eventually integrated by the stripmap SAR imaging algorithm
(Eq. (1)) and rendered into significant increases of SAR amplitude
in the SAR images of FRP-concrete specimens. It is such changes
in SAR amplitude that the imaging radar technique utilizes to indi-
cate and to locate the presence of subsurface anomalies in a mul-
tilayer system [33]. In general, SAR amplitude is affected by
background geometry (e.g. surface roughness, corners), material’s
electromagnetic property, inspection angle, and inspection dis-
tance/range for intact structures. On the other hand, defect geom-
etry, defect location, defect orientation, electromagnetic property
of the defect can affect the SAR amplitude of scattering signals
(used for damage detection) in damaged structures. In other words,
there exists an optimal combination of measurement parameters
(e.g. frequency, angle, distance, bandwidth) to achieve the best
detectability for a given defect.

From the result we have obtained, the SAR amplitudes along the
front surface were extracted from Figs. 7-9 for both the intact and
the damaged sides of an FRP-concrete cylinder for comparison and
shown in Figs. 10-12. Fig. 10 shows these SAR curves for specimen
C1, and the actual location of an artificial defect is indicated by its
edges in the figure. Figs. 11 and 12 illustrate the results for speci-
mens C2 and C3, respectively. The inspection angle was 25-deg in
all these figures.

In Figs. 10-12, it is observed that, according to the principle of
detection using SAR imaging, the SAR amplitude of damaged
curves must be greater than the one of intact curves to indicate
the presence of a subsurface defect. This is the case for specimens
C1 and C2 but not for specimen C3, indicating that the defect in
specimen C3 is undetectable at 0=25°. This also suggests that
the signal-to-noise ratios (SNR) in Figs. 10 and 11 are greater than
the one in Fig. 12.
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Fig. 10. Specimen C1, front surface SAR amplitude curves, 25-deg.
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Fig. 12. Specimen C3, front surface SAR amplitude curves, 25-deg.

Since the stripmap SAR images are angle-dependent in this
research. SNR at various inspection angles were also studied in this
research. In this paper, radar detectability of subsurface defect is
quantified by a signal-to-noise ratio, SNRg, defined by:

SNRR(O) _ U[(;jam((g))]}max (2)
int avg

where 0 is the incident angle (deg.), [l4am(0)],.x the maximum SAR
amplitude of the surface SAR amplitudes on a damaged specimen,
and [line(0)],, the average SAR amplitude of the surface SAR ampli-
tudes on a intact specimen. In this definition, [lin(0)],,, is the aver-
age SAR amplitude on the front surface of an intact specimen and
represents all background effects. [I4am(0)],.x represents the maxi-
mum scattering signal indicating the location of defect. Fig. 13
shows the calculated SNRg(6) values for specimens C1-C3 in the
angular range of 0 € [0, 15, 20, 25,30, 35,45, 60] (in degrees).

It is found that, given a constant inspection distance/range
(=40 cm), SNRy increases at the inspection angles where scattering
SAR amplitude ([lgam(0)];.x) becomes stronger than background
SAR amplitude ([fint(0)],,)- For the 50 x 50 x 5 (mm) defect (C1),
45-deg was found to be the optimal inspection angle, while 20-
deg came closely second. For 37.5 x 37.5 x 5 (mm) defect (C2),
25-deg was found to be the optimal inspection angle. For the
25 x 25 x 5 (mm) defect (C3), 35-deg was found to be the optimal
inspection angle. To verify these findings, front-surface SAR ampli-
tude curves at the optimal inspection angles for specimens C1-C3
are provided in Figs. 14-16, respectively. In Figs. 14-16, the max-
imum amplitude of the damaged SAR curves coincides or locates
very close to the edge of the defect as expected. In addition, the
SAR amplitudes of a damaged FRP-concrete cylinder are all greater
than the ones of an intact FRP-concrete cylinder, due to the com-

7 —
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Fig. 13. SNRy of SAR amplitudes for three specimens at eight inspection angles.

100¢ A — Intact

-f
A % = —— Damaged
T ‘\ = Defect edge

SAR amplitude

5 10 15 20 25 30
Front surface (cm)

Fig. 14. Specimen C1, front surface SAR amplitude curves, optimal inspection angle
(45-deg.).
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Fig. 15. Specimen C2, front surface SAR amplitude curves, optimal inspection angle
(25-deg.).

bined effects of wave scattering and change in the dielectric prop-
erties of FRP-concrete.

4.4.3. Comparison between two techniques in defect detection

It is observed that a single interfacial defect can result in mea-
surable changes of both the mechanical and dielectric properties of
the FRP-bonded concrete system. The acoustic-laser technique pro-
vides a local measurement based on the changes in vibrational
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Fig. 16. Specimen C3, front surface SAR amplitude curves, optimal inspection angle
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properties of the specimens, while the imaging radar provides a
global measurement that relies on the changes in dielectric proper-
ties. It is suggested that, in practice, the two techniques can work
in tandem, i.e. the imaging radar can detect the existence of
defect(s) in a region, and the acoustic-laser can locate the defect
(s) within the region. It should be noted that the most relevant
change in properties towards the integrity of the FRP-bonded con-
crete system is its change in mechanical properties. The extent of
damage, in terms of the defect area, can be estimated from the
peak frequency of the acoustic-laser measurement based on the
plate theory [30]. Given the material properties, the area of damage
can be estimated using finite element method on a cylindrical sur-
face, or directly from the plate theory on a planar surface [28].
Regarding the latter case, for a square interfacial defect of thick-
ness h, volumetric density p and area A, its vibration modes w;,
are given by:

Jim [D

C(){ﬁm = T m (3)

whereas for a circular defect of radius r,

) @

where D = 125”1,2)
v is the Poisson’s ratio of the plate; 4, is a numerically calculated
constant for each vibration mode | and m with /;; ~ 35.99; and
sir is the k™ root of the equation Ji(s)li1(s) +Ji.1(S)li(s) = 0, in
which Ji(s) and I{(s) are the i order Bessel function and modified
Bessel function of the first kind, respectively, for i being a
non-negative integer. The inverse relationship between vibration
frequency and defect area allows a defect area to be calculated from
the frequency response of a specimen.

For the acoustic-laser technique, the minimum detectable size
varies depending on definition of SNR threshold as well as the
specific setup used. From Egs. (3) and (4) it can be seen that the
measurable range of acoustic-laser technique depends not only
on the area of the defect, but also on bending stiffness, thickness,
and density of the FRP. Fortunately, these parameters are constant
for each specimen. As the measurement is conducted in frequency
domain, the bandwidth (sampling frequency) of the data acquisi-
tion device is also relevant to the minimum detectable size. Lastly,
there is the factor of environmental noise which influences SNR.
For the particular acoustic-laser setup used in this paper, the min-
imum detectible defect size is around 2 x 2 cm?, with the bottle-
neck being measurement bandwidth. Depending on specific

is the bending stiffness; E is the Young’s modulus;

setup, however, the detectible defect size can vary by many orders
of magnitude.

The structural health of FRP-bonded concrete systems can be
monitored more effectively and efficiently through adopting the
combination of both acoustic-laser and radar techniques. A reason-
able SNR ratio for both techniques has been demonstrated experi-
mentally, which can ensure the effectiveness of our proposed
scheme. In addition, the global radar approach can figure out
possible interfacial defect locations in a timely manner through
several scans. After determining the problematic region through
the radar scan, the local acoustic laser approach can be used to
detect the location and size of the defect through the vibrational
behavior of the bonded system, resulting in a much more efficient
inspection process.

5. Conclusion

In this study, the acoustic-laser and the imaging radar tech-
niques, though complementary in their measurement results, have
very different setups. In the acoustic-laser technique, acoustic exci-
tation source and optical measurement are separated but coupled.
In the imaging radar technique, wave transmission and receiving
are carried out by single radar antenna. As such, there are conse-
quences in cost, transportation, and ease of use. However, the light
source used in the acoustic-laser technique can be of various wave-
lengths, include microwave. Thus it is plausible that the optical
hardware from the acoustic-laser technique can be merged with
the imaging radar technique, resulting in a simplified setup con-
sisting only of a modified radar sensor and an acoustic excitation
source (e.g. a loudspeaker), while providing similar capabilities.
Remote sensing techniques such as acoustic-laser and imaging
radar have provided civil engineers a promising and versatile
approach to assess the condition of structures. The acoustic-laser
technique measures the local, mechanical response on the surface
of structures, while the imaging radar technique measures the
global, electromagnetic response on the surface and subsurface
of structures. In addition, our current work forms a basis to
understand the relationship between mechanical and dielectric
behaviors with the existence of an interfacial defect. Our other
research findings are concluded in the following.

1. Detectability of the imaging radar technique depends on back-
ground characteristics (e.g. geometry, material’s property),
inspection scheme (e.g. angle, distance/range, frequency), and
defect characteristics (e.g. size, shape, orientation). In this
paper, radar detectability is quantified by a signal-to-noise ratio
SNRg (Eq. (2)).

2. In the SAR images of damaged specimens, scattering radar sig-
nals are reconstructed at or near the location of a subsurface/
interfacial defect and used to indicate the presence of the
defect. In our experimental SAR imaging result of CFRP-
concrete specimens, the presence of scattering signals in SAR
images indicates the presence of a subsurface anomaly. The
amplitude of the scattering signals increases with the increase
of anomaly size. The maximum amplitude of the scattering sig-
nals also suggests the location of the anomaly (Figs. 10-12).
Meanwhile, optimal inspection angle depends on (i) the geom-
etry and size of subsurface anomaly, (ii) surface roughness of
the background, and (iii) distribution of dielectric properties
in the background and the anomaly (dielectric contrast).

3. Characteristics of background information are important when
inspecting subsurface defects using the imaging radar tech-
nique on civil engineering structures. This is because that, the
SAR images of structures can be affected by geometry, or sur-
face roughness, or dielectric property change, or combinations
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of all factors. Background subtraction remains an efficient
approach when all other factors are unknown or difficult to col-
lect them all.

4. When using SAR images for defect size determination, larger
defects usually create scattering signals with higher ampli-
tudes. This is the case when comparing Fig. 10 (defect
size =50 x 50 x 5 mm?>) and Fig. 11 (defect
size =37.5 x 37.5 x 5 mm?). In Fig. 10, the SAR amplitude of a
50 x 50 x 5 mm?> defect is 241. In Fig. 11, the SAR amplitude
of a 50 x 50 x 5 mm? defect is 100.

5. The modified acoustic-laser technique can reliably detect inter-
facial defects at SNR ranging from 21.8 to 30.1 dB, despite the
use of low-cost components. A general trend is observed that,
for the same material, a larger defect area will result in both a
higher SNR and a lower fundamental mode frequency.

6. As the acoustic-laser technique operates at microwave frequen-
cies as well, the setups of the two techniques can be combined
and simplified in future studies. The time-domain variation
from the radar signal scattered by an acoustically-excited spec-
imen can be recorded and processed in the frequency domain to
obtain the frequency response of the specimen, such that fre-
quency response data similar to Fig. 4 will be available for each
point on the radar image.
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